Abstract: Agriculture is a major economic sector in sub-Saharan African (SSA) countries, where it contributes 32 percent of the gross domestic product (GDP) and employs 65 percent of the population. However, SSA countries are farming only a small percentage of their potential cultivable area and are using only a fraction of their renewable water resources. Moreover, despite the importance of land and water resources in SSA, especially in rural areas, there has been little research on their potential. In this study, an index was developed to assess the potential for agriculture, considering renewable water availability of both surface water and groundwater. The index-based approach was then used to assess the potential increase in arable land area in 15 selected SSA countries. The selected countries were classified using the index, based on the availability of renewable water resources nationwide. We also assessed the future water demand by employing three scenarios and combining different rain-fed and irrigated options. The results show that, except for Zimbabwe, the current available surface water or groundwater resources could be sufficient to farm all of the potential cultivable areas in the selected countries when both rain-fed and irrigated systems are fully operational. The findings also indicate that targeted infrastructure projects (e.g., reservoirs, channels), crop management, and water saving techniques could improve surface and groundwater availability in the SSA region.
Introduction
Sub-Saharan Africa (SSA) is rich in renewable water resources with a high potential for agriculture, which already contributes 32 percent of the total gross domestic product (GDP) and employs 65 percent of the labor force [1] . A relatively small proportion of the cultivable land area in SSA is farmed, in some cases, less than 10 percent of the potential cultivable area [2] . Currently, SSA countries use only 5% of their available water resources [3] , while most of the agricultural plots are small-scale, family-owned farms using simple farming methods [4, 5] . Rain-fed agriculture is applied to more than 95 percent of the total cultivated area [6] , limiting farming potentials to the wet (rainy) seasons. To some extent, water is stored in pits, shallow wells, and small reservoirs, to be used later in the dry season [7] . Large-scale irrigation projects are increasing the recent years in SSA countries, mainly through foreign investments, yet to a limited extent [8] . These irrigation projects use direct surface water, withdrawing from lakes and rivers, or groundwater from either boreholes or deep wells [9, 10] .
The agriculture sector in SSA has not changed much in the past century [11] . Even with the introduction of large-scale farming and machinery, most farming in rural areas is still carried out using traditional methods [12] . The resource usage and production efficiency in small family-owned farms are comparatively low, and the infrastructure in rural areas is either basic or lacking [13] . A lack of management in the infrastructure sector can lead to the investment of time and energy to access faraway water resources, while leaving nearby available resources unexploited [14] . As the spread of the irrigated area is mostly affected by the lack of infrastructure projects, the development of the agriculture sector as a whole is directly related to the availability of the facilities provided by the local government [15] .
Dryland regions play a significant role in SSA agriculture, making up to 43 percent of the land surface, including 75 percent of the arable land, and is inhabited by 50 percent of the total population [16] . Most of the communities in the SSA dry lands are rural and depend directly on farming and herding. The governments and development communities are taking on the challenges of enhancing the water management policies in dryland societies. The present surface and groundwater resources in the drylands can be located away from the populated areas, making them both undeveloped and underused. The fully irrigated agriculture is a recent practice in the drylands regions, where the internal surface and groundwater renewable water resources withdrawal and the agricultural development rates are the lowest [17] . Farmers also lack the tools to face irregular rainfall and soil moisture risk, directly affecting the crop yields in small households' farms [18] . Simple practices designed to conserve rainfall while improving the agricultural water management practices can reduce the vulnerability and strengthen the coping capacity.
In SSA, there are many complex and inter-related issues that contribute to the lack of investments and progress of the agricultural sector, especially the rain-fed production [19] . Investments in SSA smallholder farms still need improvements in strategies, policies, market access, infrastructure, and institutions [20] . The aim of this study is to develop an index for classifying SSA countries based on their renewable water and arable land resources availability. The availability of water resources is then compared with the water demand needed to increase the cultivated areas. It needs to be mentioned that this study only assesses the renewable water resources availability to sustainably cover the increased agricultural water demand, by setting aside the other agricultural factors that also constrain the sector. The main hypotheses are that this index can theoretically map potential agricultural development by considering water supply as a key aspect to enable the expansion of farming in SSA
Materials and Study Sites

Data
The land and water data that are used in this study were taken from the database and the reports of the Food and Agriculture Organization (FAO). The FAO reports list the current farmed and potential cultivable areas in each country in SSA, with cultivable areas being defined as areas that can be directly farmed based on their physical characteristics. The renewable surface and groundwater resources quantities in the FAO reports are based on calculations and data provided by the different institutions responsible for water resources management in the different countries. The data used in this study to identify the groundwater exploitation costs are based on the results from the 'Groundwater in SSA: Implications for Food Security and Livelihoods' project, funded by the Rockefeller Foundation and carried out by the International Water Management Institute (IMWI) [21] .
Study Region Characteristics
SSA covers an area of 22 million square kilometers, with a population of 1.1 billion, divided between 43 countries [22] . Based on the renewable surface and groundwater data available, and similarities in the geography and agricultural development situation, especially in rural areas, 15 out of the 43 countries, in Western and Eastern regions, were selected for analysis. The Western region countries include Benin, Burkina Faso, Ghana, Mali, Niger, Nigeria, and Togo, while those in the Eastern region include Ethiopia, Kenya, Malawi, Mozambique, Tanzania, Uganda, Zambia, and Zimbabwe. The selected countries represent a range of climate conditions, land use, water resources availability, and economic development (Table 1) . Together, these countries cover approximately 45 percent of the total SSA area, which is divided into four main hydrogeological environments, Precambrian basement rock, volcanic rock, unconsolidated sediment, and consolidated sediment [23] . Precambrian basement rock is the most common environment, covering 40 percent of the total area [17] . The groundwater yield in the selected countries varies from, on average, 1.5 m 3 per hour in Nigeria, to 25 m 3 per hour in Ghana [18] , and the region includes eight main river basins (in descending basin area order), namely, the Congo, Nile, Lake Chad, Niger, Zambezi, Senegal, Limpopo, and Volta [24] . These basins contain 27 major dams, with a capacity of 234 km 3 in the Western region countries and 27 km 3 in the Eastern region countries [25] . Based on AQUASTAT reports [26] , the Western SSA countries have an average mean annual precipitation of 1356 mm (water volume 2873 km 3 ), while the Eastern countries have an average mean annual precipitation of 920 mm (water volume 2665 km 3 ). Table 1 . Annual renewable water resources and current cultivated and potential cultivable area (FAO) [26] , in the 15 selected countries in Sub-Saharan Africa (SSA). The contribution of agriculture to the economy varies from 8.5 percent in Zambia to 41 percent in Togo (World Bank, 2013). More than 50 percent of the population work in agriculture, except in Nigeria (25 percent) and Benin (44 percent) [27] . About 86 percent of the withdrawn water is consumed by agriculture (Table 2) , which is higher than the global average of 70 percent [28, 29] . As a result of less precipitation volume, the long dry season, and the high evapotranspiration rate, the irrigation water demand is higher in the arid zone [30] . The Eastern SSA region has higher total water consumption (14.2 million (M) m 3 ) than the Western region (12.3 Mm 3 ). The Western SSA countries have 5-fold higher industrial water consumption than the Eastern countries, because of the greater amount of industry in the former [25] . Water consumption by agriculture is higher in the Eastern region, with its lower precipitation rate. Mali has the highest agricultural water demand, mostly because of the long dry season in that country, while Benin and Togo have the lowest water demand, as these countries have one of the highest precipitation rates in Africa [28, 29] . Nigeria, with a significant industrial sector, has the highest industrial water consumption. Burkina Faso and Togo have the lowest industrial demand, as most of their population is involved in agricultural activities [22, 31, 32] . The average water consumption per capita gives a better image of average annual water consumption. Because of low precipitation rates, Mali, Niger, and Zimbabwe have the highest irrigation water consumption per hectare. On average, in SSA, 75 percent of the water withdrawal is used in the agriculture sector [33] . Most farming activities in SSA countries are rain-fed, although the equipped irrigated area is continually increasing [19] . For rain-fed agriculture, other than depending on direct rainfall for water supply, there are rainwater catchment harvesting systems designed to collect runoff water [7] . These catchment systems are divided into two types, micro and macro, depending on size and volume. Micro rainwater harvesting techniques are the most common overall. These are a few cubic meters in volume and are particularly common in Burkina Faso, Mali, Niger, Tanzania, Kenya, Uganda, and Ethiopia [34] . The most common macro catchment techniques used are open ponds, cisterns, and dams, and they vary in volume from 50 m 3 ponds to dams containing millions of cubic meters [7] .
Country
Irrigation in SSA was historically associated with the irrigation plains of large rivers like the Niger, Senegal, and Nile, where the governments developed the first irrigation schemes [35] . Since the 1980s, the irrigation sector has been constantly expanding, with the use of powered pumps for the extraction of groundwater. These irrigation projects enable agricultural production in dry countries and increase its intensity in humid countries [36] . Equipped irrigation is the most widely used form of water management in the SSA region, accounting for 87 percent of the managed areas and covering 13.4 million hectares [25] . Irrigated areas occupy, on average, six percent of the total cultivated area in SSA, which is lower than the proportion in Asia (38 percent) or America (12 percent) [25] . In the Western region of SSA, 360,000 hectares are irrigated, which represents approximately one percent of the total cultivated area [37] . The proportion is higher in the Eastern region, where two percent of the cultivated area is irrigated, and representing two percent of the total farmed zone [25] . Cereals are the largest harvested irrigated crop in terms of area, occupying 45 percent of the total irrigated area, followed by industrial crops, such as sugar, beets, and cotton (15 percent); irrigated forage crops (14 percent); and vegetables (12 percent) [26] . The irrigation demand is proportional to the precipitation and evapotranspiration rate in each country. Higher evapotranspiration especially in the dry season requires a higher irrigation volume. Irrigation consumption varies from 3000 m 3 per hectare annually in Ghana, to over 9000 m 3 annually in arid Niger [28, 29] . The high-water consumption rate affects the percentage of the irrigated area. In some arid countries, such as Mali and Niger, agriculture may be possible only with irrigation projects, which may significantly add up to the overall expenditures. In the countries where the water demand per hectare is the highest (Mali, Niger, Ethiopia, and Tanzania), the agriculture sector consumes the highest percentage of water ( Table 2) .
The limiting nutrients of SSA soil might be the main constraint for increasing the cultivated areas in some countries. Low crop yields in Tanzania, Kenya, and Uganda, for example, can be directly related to poor soil fertility [38] . Zinc deficiency is very common in Western SSA countries, directly affecting the wheat, maize, and sunflower crops agriculture [39] , while phosphorus is low in tropical soils because of the low pH rate [40] . Generally, Western SSA countries are characterized by low fertility soil, including calcium, magnesium, and potassium deficiency [41] . Similarly, the Eastern countries' soil have deficiency in nitrogen, potassium, and phosphorus [42] . In an attempt to refine the soil quality, organic and inorganic fertilizers are used, especially in small farms. The inorganic fertilizers are in the form of ammonium nitrate, urea, rock phosphate, and potassium sulfate [43] . Still, the average fertilizer consumption per hectare in SSA, 18 kg/ha, is considered lower when compared with other regions of the world [44] . Table 3 shows the crop type percentage of the total irrigated area in the study zone. Table 3 . Crop type percentage distribution of total irrigated area in the study zone (FAO) [26] . West and East SSA countries are the averages based of the geographical location. SSA Avg: indicates the total average of all of the sub-Saharan African countries. 
Methods
Country Classification Framework
The renewable water resources are divided into surface and groundwater. In the case where the agricultural water demand is appreciably less in volume than the renewability rate, water usage is considered sustainable.
In order to develop an index for assessing the potential for future agriculture, a variable named the new agricultural water demand (N WD ) is defined. This variable includes the sum of irrigation water demand (I WD ) and current agricultural water withdrawal (C WD ), as follows:
The irrigation water demand (I WD ) is the increased water consumption volume needed to increase the farmed area, including both irrigated and rain-fed areas. The current agricultural water withdrawal (C WD ) is the present water consumption in each country. To compare the new water demand (N WD ) and the available renewable surface water (R SW ) and groundwater resources (R GW ) in each country, an index (Table 4 ) was used to classify the selected countries based on the available renewable resources and calculated increase. The renewable surface water (R SW ) and groundwater resources (R GW ) in each country are estimated based on the FAO data available. In this comparison, the countries were allocated to one of six classes (I-VI), defined based on the available water resources and cultivable area for development (Table 4 ). In the classification, N WD was also compared to both R SW and R GW , to assess the availability of each source compared to the demand. In the countries belonging to class I (the best conditions for development), all potential cultivable area can be farmed using either of the two water resources (R SW and R GW ), as N WD is lower than both of the sources. On the other end, in class VI (the worst possible conditions), the current water demand (C WD ) is already higher than both of the renewable water resources (R SW and R GW ). The class VI countries are thus in an unsustainable condition with regards to water resources, and reforms are needed to balance the current demand and renewal ratio. The other classes (II, III, IV, and V) represent sustainable conditions, with R SW , R GW , or their sum being greater than N WD. 
Agriculture Development Scenarios
For the analysis, the farmed area in the selected countries was divided between rain-fed and irrigated areas. The percentage area of each varies between climate zones, depending on the amount of precipitation. We consider that increasing the potential cultivable area is possible by increasing the rain-fed, irrigated, or combined rain-fed irrigated area. Different farming irrigation methods have different water consumption and production rates. This study assumed a variation of water consumption, depending on the different irrigation schemes developed. For the ease of the analysis, we clustered two main categories of irrigated and rain-fed farming schemes. We then considered the total cultivable area (A Total ), as follows:
where A RF is the current rain-fed cultivated area, A IR the current irrigated cultivated area, and A PC is the potential cultivable area. The potential cultivable area can be increased by increasing the irrigated or rain-fed area with different water consumption rates (Figure 1 ).
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The total potential cultivable area is partly irrigated (B ratio), and partly left rain-fed (A ratio). The ratios of (A) and (B) are calculated from the currently irrigated and rain-fed area ratios, as sourced in the FAO database [26] . We considered that the current farming methods in each country have been expanded proportionally to cover the total potential area. The total potential cultivable area is farmed using only rain-fed agriculture. The current irrigated area then remains unchanged, as follows:
ATotal = NARF + AIR (11) Figure 1 . The three scenarios used for evaluating the potential for increasing cultivable area. In scenario 1 ARF = 0 and in scenario 3 AIR = 0.
The new water demand for each scenario is calculated, as follows:
where NWD is the new water demand for irrigation (m 3 ), CWD is the current water demand (m 3 ), CWDIR is the current water demand for irrigation (m 3 ), RFWD is the mean annual water depth required for one rain-fed hectare (m), IRGWD is the mean annual water depth required for one irrigated hectare Three different agricultural development scenarios are developed to assess the potential of each country to sufficiently cover the agricultural water demand nationwide. The scenarios are based on the water demand of different irrigation schemes, verity in total water consumption, and assuming that the potential cultivable area may be expanded by either rain-fed, irrigated, or combined water supply systems.
A Total is divided between the new rain-fed (NA RF ) and new irrigated (NA IR ) area in each scenario. NA RF and NA IR varied by the area between the three different scenarios, depending on the irrigation methods used to farm the cultivable area. The three scenarios are as follows:
All of the total potential cultivable area A PC in a country is equipped for irrigated agriculture. In this scenario, the current rain-fed farmed area will remain unchanged, and thus, is as follows:
A Total = A RF + NA IR
Scenario 2
The total potential cultivable area is partly irrigated (B ratio), and partly left rain-fed (A ratio). The ratios of (A) and (B) are calculated from the currently irrigated and rain-fed area ratios, as sourced in the FAO database [26] . We considered that the current farming methods in each country have been expanded proportionally to cover the total potential area.
A Total = A RF + A IR + NA IR + NA RF
Scenario 3
The total potential cultivable area is farmed using only rain-fed agriculture. The current irrigated area then remains unchanged, as follows:
A Total = NA RF + A IR (11) The new water demand for each scenario is calculated, as follows:
where N WD is the new water demand for irrigation (m 3 ), C WD is the current water demand (m 3 ), C WDIR is the current water demand for irrigation (m 3 ), RF WD is the mean annual water depth required for one rain-fed hectare (m), IRG WD is the mean annual water depth required for one irrigated hectare (m), A IR is the current irrigated area, and A RF is the current rain-fed area.
Results
Current Status of Agriculture and Renewable Water Resources
The renewable accumulated surface water and groundwater resources varied from 28 mm in Zimbabwe to 396 mm in Nigeria, indicating the availability of renewable water resources in SSA countries on a large scale. Farming the potential cultivable area in each country would increase the agricultural water demand. Figure 2 shows the surface water and groundwater depths as the amount of renewable water resources proportional to the country's area annually. Nigeria has the highest mean available depth of renewable surface water and Uganda the highest mean available depth of groundwater. The renewable surface water per groundwater ratio shows the variation in the availability of these renewable resources. Lower ratio values, as in Burkina Faso, Zimbabwe, Uganda, and Ghana, indicate similar water and groundwater renewable volumes and a lower dependency on one resource. Benin, Niger, and Mozambique have a higher dependency on surface water resources, which can limit future groundwater resource use. Higher ratio values, as in Ghana, Mozambique, Nigeria, and Uganda, indicate a higher availability of renewable resources per country's area. The irrigated hectare water demand, IRG WD , and the irrigation supplement water, RF ISW (the volume of water used in rain-fed agriculture other than direct rainfall), used per hectare are the annual national average. Both the irrigated and rain-fed water demand are directly proportional to the amount of precipitation in each country. The IRG WD amount varied from 3000 m 3 /ha annually in Ghana to a little less than 10000 m 3 /ha annually in Niger, for irrigated hectares. The RF ISW amount varied from less than 100 m 3 /ha annually in Uganda, Togo, Mozambique, Ghana, and Benin, to more than 1000 m 3 /ha annually in dry countries like Mali. countries on a large scale. Farming the potential cultivable area in each country would increase the agricultural water demand. Figure 2 shows the surface water and groundwater depths as the amount of renewable water resources proportional to the country's area annually. Nigeria has the highest mean available depth of renewable surface water and Uganda the highest mean available depth of groundwater. The renewable surface water per groundwater ratio shows the variation in the availability of these renewable resources. Lower ratio values, as in Burkina Faso, Zimbabwe, Uganda, and Ghana, indicate similar water and groundwater renewable volumes and a lower dependency on one resource. Benin, Niger, and Mozambique have a higher dependency on surface water resources, which can limit future groundwater resource use. Higher ratio values, as in Ghana, Mozambique, Nigeria, and Uganda, indicate a higher availability of renewable resources per country's area. The irrigated hectare water demand, IRGWD, and the irrigation supplement water, RFISW (the volume of water used in rain-fed agriculture other than direct rainfall), used per hectare are the annual national average. Both the irrigated and rain-fed water demand are directly proportional to the amount of precipitation in each country. The IRGWD amount varied from 3000 m 3 /ha annually in Ghana to a little less than 10000 m 3 /ha annually in Niger, for irrigated hectares. The RFISW amount varied from less than 100 m 3 /ha annually in Uganda, Togo, Mozambique, Ghana, and Benin, to more than 1000 m 3 /ha annually in dry countries like Mali. 
Potential for Agricultural Development
Ethiopia, Ghana, Togo, and Uganda were the only countries that did not have limitations on either of their water resources in any of the three scenarios analyzed. Niger, Mali, Burkina Faso, Tanzania, and Zimbabwe lacked the water resources, of both surface water and groundwater, for fully farming their potential cultivable area using irrigation systems. All countries, except Zimbabwe, had enough renewable resources to increase their potential cultivable area using the current situation, as defined by Scenario 2. Increasing the farmed area using rain-fed irrigation methods (scenario 3) would only set limitations for Zimbabwe, but this could be avoided by using an irrigation scheme based on both of the resources (surface water and groundwater). The calculated new water demand (N WD ) for each scenario is shown in Figure 3 . 
Ethiopia, Ghana, Togo, and Uganda were the only countries that did not have limitations on either of their water resources in any of the three scenarios analyzed. Niger, Mali, Burkina Faso, Tanzania, and Zimbabwe lacked the water resources, of both surface water and groundwater, for fully farming their potential cultivable area using irrigation systems. All countries, except Zimbabwe, had enough renewable resources to increase their potential cultivable area using the current situation, as defined by Scenario 2. Increasing the farmed area using rain-fed irrigation methods (scenario 3) would only set limitations for Zimbabwe, but this could be avoided by using an irrigation scheme based on both of the resources (surface water and groundwater). The calculated new water demand (NWD) for each scenario is shown in Figure 3 . In Scenario 1, Ethiopia, Ghana, Togo, and Uganda had the available surface water or groundwater resources for increased water demand and thus belonged to class I. As the irrigation water demand in other countries varied annually from 3000 to 10,000 m 3 ha −1 (Figure 2) , the renewable water resources might not be sufficient to meet the demand of farming all of the cultivable area. This was the case in Burkina Faso, Mali, Niger, Tanzania, and Zimbabwe, which belong to class V. These countries can only farm part of the potential area. Kenya, in this scenario, belongs to class IV, as depending on one resource (either surface water or groundwater) would not be sufficient, and in order to increase the farmed area, a mix of both resources would have to be used. Benin, Malawi, In Scenario 1, Ethiopia, Ghana, Togo, and Uganda had the available surface water or groundwater resources for increased water demand and thus belonged to class I. As the irrigation water demand in other countries varied annually from 3000 to 10,000 m 3 ha −1 (Figure 2) , the renewable water resources might not be sufficient to meet the demand of farming all of the cultivable area. This was the case in Burkina Faso, Mali, Niger, Tanzania, and Zimbabwe, which belong to class V. These countries can only farm part of the potential area. Kenya, in this scenario, belongs to class IV, as depending on one resource (either surface water or groundwater) would not be sufficient, and in order to increase the farmed area, a mix of both resources would have to be used. Benin, Malawi, Mozambique, Nigeria, and Zambia had limitations on their groundwater resources and thus the increase of cultivated area through groundwater would may lead to the gradual depletion these resources. These countries belong to class II, where the renewable surface water resources are enough to cover the irrigation needs. This scenario depends on large scale irrigation projects developed by the government and farmed by the smallholders. These large public infrastructure projects, supported by investments and legislations, help to conduct reliable irrigation services and to secure water rights. These schemes have been slowing down recently in SSA, as they faced technological and institutional problems that have low returns for the farmers [45] . Large scale irrigation projects are the most suitable in the drylands along the main rivers. As the development cost can be very high, long term commitments from the government and the farms can bring good economic revenue for both sides. Mainly the development schemes must focus on both profitable crops and market access. Long term plans must also be set on providing the infrastructure, maintenance, management plans, and enhancing the farmers' knowledge.
In Scenario 2, referring to the irrigated area ratio of the total cultivated area (Equation (5)), farming the cultivable area was considered by using the same percentage on a wider scale. In this scenario, all of the countries, except Kenya, Mali, Niger, and Tanzania, could depend on either surface or groundwater renewable resources. These countries belonged to class II, and would overexploit their renewable resources if they had to depend only on groundwater for irrigation. Zimbabwe must depend on both resources (falling into class IV), in this scenario. Here, developing low-cost irrigation projects can increase the hectare yields. Low-cost irrigation has always been popular throughout SSA along the rivers, where water is lifted with basic pump techniques and it irrigates small farms usually on the river's bank [46] . The introduction of small diesel and electric pumps to increase the exploitation of local surface and groundwater resources, helps in increasing the small irrigation projects. These low-cost pumps and market-oriented products can increase the productivity and the economic revenue of the small hold farmers. Community based small irrigation projects, with external support, can improve the irrigation schemes for many local smaller farms. Taking advantage of the floods' recession systems and the areas on the river banks can increase the farmed areas and the usage of soil moisture. Small community irrigation plans can perform effectively when partnership occurs between the local farmers and the external agencies that assist with funding and technological support.
In Scenario 3, using rain-fed agriculture for increasing the cultivated area, the water demand was the lowest. In this scenario, all countries, except Mali, had a per hectare demand (RF WD ) ranging from 10 to 400 m 3 /ha annually. This amount of water is the supplement water (RF ISW ) needed in the dry season. By expanding this irrigation method nationwide, all countries, except Zimbabwe, could meet the water supply demand by using only one water source. Zimbabwe, which belonged to class II in this scenario, could farm the maximum cultivable area by using a combination of the two resources. In SSA, farmers lack the knowledge, skills, and the financial resources to adopt farming development and technological changes. As farming here depends on the direct rainfall, the drought sensitivity can be reduced and the productivity improved by controlling the runoff and concentrating on the soil moisture around the plant roots [7] . Plant pits is one of the techniques used to increase the soil moisture. Crop rotation, soil fertility management, increasing plant water uptake, and pest control are also some techniques used to increase the productivity on rain-fed agriculture. Water harvesting and water management techniques have helped farmers to overcome the drought periods, increase the yield, and provide water for supplementary irrigation.
Discussions
There is high likelihood of an increase in the exploitation rate of surface and groundwater resources in SSA. Large aquifer and major river systems in West and East SSA have potentials for expanding the irrigated areas and responding to the upcoming demand. Despite the considerable large renewable water volume, the equipped irrigated areas still represent three percent of the total arable land [47] . The current national plans in SSA aspire to expand the irrigated areas to 11 percent of the total arable areas in the next 50 years [48] . This set target could be attained, given the renewable water resources available. Still, however, more than 90 percent of the food production in SSA comes from rain-fed farming systems [3] . This study represents an attempt to assess the current and future availability of the cultivable area in selected SSA countries, with regards to the current and future capacity of the surface and groundwater resources in each country. The SSA region possesses nine percent of the total global renewable water resources, but, as results indicate ( Figure 4A ), only a fraction of these resources is currently being used. The potential cultivable areas in each country suggest areas that can be directly farmed, depending on their physical characteristics ( Table 1 ). The analysis revealed that, other than Ethiopia, Ghana, Malawi, and Togo, the selected countries are farming less than half of their available cultivable area. The analysis also showed that the current agricultural water demand is much lower than the amount of renewable surface water and groundwater resources available.
Increasing the cultivable area in each country would increase the exploitation of the surface water, groundwater, or both resources. Apart from in Benin, Burkina Faso, Ghana, Nigeria, and Zimbabwe, most of the irrigation depends on surface water resources (Table 5 ) [28, 29] . The percentage of this irrigation source varies within countries, depending on the availability of the resource and the exploitation cost. Meeting the calculated new water demand (N WD ) would require searching for new water resources. The availability of these resources and the cost of exploitation are the most important factors to consider when choosing the most sustainable resources available (Table 5 ) [21] . Table 5 shows the irrigation dam capacity, the average well excavation cost, and the average well yield in each country. Countries with a high reservoir capacity will depend more on the surface water resources. In countries where the well and borehole cost is lower and the yield is high, increasing the groundwater exploitation will give better economic returns than building new dams. Considering the new water demand (N WD ) calculated for the more realistic Scenario 2 (Figure 3) , Niger, Mali, Kenya, Tanzania, and Zimbabwe would likely have to depend on surface water resources to meet the increase in the irrigation water demand. Apart from Zimbabwe, these countries have an irrigation dam capacity lower than 1000 Mm 3 . Zimbabwe has an irrigation reservoir of 4.5 Mm 3 , one of the highest in Africa, which would supply half of the N WD calculated for Scenario 2. For Benin, Kenya, Malawi, Mali, Niger, and Tanzania, where the irrigation dam capacity is low, considering increasing the groundwater exploitation to meet the N WD is a more plausible option. In Malawi, for example, well construction costs approximately US$ 2700, while the dam capacity is 25 Mm 3 , which is much lower than the N WD . In Ethiopia, exploiting surface water would be more economical in the current situation, with high costs of well construction (US$ 23,000), and might decrease the groundwater exploitation rate. Table 5 . The percentage distribution of irrigation water sources between the surface water (SW) and groundwater (GW) in each of the 15 countries, and the irrigation dam capacity (FAO) [26] ; and the average well cost and average yield (Xenarios and Pavelic) [21] . Table 4 .
Country
The current water consumption (CWD) is very low compared with the amount of renewable water resources available (Figure 3) . Except for Zimbabwe, the CWD represents less than six percent of the total renewable resources in the selected countries. The sustainability of the water resources must be maintained when increasing the farmed areas in each country. This will prevent negative impacts on both ecology and society. Our method revealed a satisfactory assessment at a national level, but at the local level there may be issues to be tackled. In Scenario 2, where the potential cultivable area was increased based on the current water supply scheme, the calculated water demand (NWD) was still Table 4 .
The current water consumption (C WD ) is very low compared with the amount of renewable water resources available (Figure 3) . Except for Zimbabwe, the C WD represents less than six percent of the total renewable resources in the selected countries. The sustainability of the water resources must be maintained when increasing the farmed areas in each country. This will prevent negative impacts on both ecology and society. Our method revealed a satisfactory assessment at a national level, but at the local level there may be issues to be tackled. In Scenario 2, where the potential cultivable area was increased based on the current water supply scheme, the calculated water demand (N WD ) was still within the range of the available resources to maintain the natural recharge conditions on a national scale. Here, Mali and Zimbabwe used more than 30 percent of the available renewable resources.
Agricultural water management systems are already a priority in SSA, and agricultural land expansion takes place through the commercialization of large plots, as well as through subsistence farming. Managing soil moisture is the main issue in improving the rain-fed cropped areas, where the spread of manual and motorized pumps helps promoting individual low-cost irrigation and maintaining soil moisture. On a small scale, flood recession agriculture and communal pump schemes help to increase small community-based irrigation projects. For larger scale irrigation plans, big infrastructure projects, like dams or weirs construction, piped irrigation, and surface channels, could better meet the future demand.
Still however, as rain-fed agriculture covers 90 percent of the farmed areas currently, better measures shall be taken on crop and soil management to curb the water needs. Different options for introducing less water demanding varieties, various rooting and ploughing methods, better fertilizing and pesticide options, and improved soil moisturizing techniques are already in place and shall be up scaled [49] .
The current data collection and integrated water resources management planning could not cover all of the aspects of water use in the SSA region. The data are still lacking, especially regarding groundwater recharge rates and the current aquifer situation. The FAO data include modelled values or estimates, in some cases, to fill the gaps. The data provided are the national averages and can vary within countries, especially for counties falling within different climate zones. However, the data and calculations can still be used to draw general conclusions regarding land and water availability in the selected countries.
Conclusions
The current study has shown the present and future agricultural water demand in SSA through the utilization of the available water resources in each assessed country. The study considered both large commercial and small farming plots to increase the agricultural produce in the examined SSA countries. To this end, water demand scenarios, resources availability, and increasing water exploitation were assessed on a national level. The results showed that all of the countries studied could expand their potential cultivable area, depending on their renewable resources. However, when making future water resources management plans, each country should be considered as a separate case. The volume of renewable surface and groundwater resources may be relatively estimated, but the cost of increasing the exploitation of each source must be considered. Future demands cannot be met by depending of surface and groundwater resources only, even when considering their relevant abundance.
The scenario with the highest economic returns, given the percentage of surface water and groundwater used, should be chosen. Recommendations for future development should also contemplate economic sustainability, including farmers' livelihoods and long-term economic growth. Increasing the cultivated area on a country scale is related to more constrained factors than the ones discussed in this study. It is acknowledged, for instance, that major developments in the agricultural sector of SSA are directly related to society's ability to enhance legislations and water management plans. This study aspires to present a baseline for the comparison of agricultural land and renewable water resources' availability in SSA, as a precondition for the expansion of the agricultural sector in a sustainable manner. Funding: This research received no external funding.
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